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SJEKTPOHHBIE U TEIIO®U3NYECKHUE CBOMCTBA I'A30BbIX THJIPATOB:
PE3YJIbTATBI MOJAEJINPOBAHUS U3 IIEPBBIX IPUHLUIIOB

M.b. I0OnycoB, P.M. XycHyTanHoB, u A.B. Mokmmx

Kaszanckuii (Ilpusonscckuii) pedepanshutii ynusepcumem, 420008, Kazamo,
yn. Kpemnesckas, 18, Poccus
mukhammadbek@mail.ru

B mHacrosmieir paboTe mpeacTaBICHBI Pe3yIAbTaThl  MEPBOMPHUHIIUITHOTO MOJEKYIISIPHO-
AUHAMHUYCCKOr0 HCCICAOBAHUA OJJICKTPOHHLBIX U TGHJ’IO(I)I/ISI/I‘IGCKI/IX CBOICTB ruapara MCTaHa C
kyomueckoit ctpykrypoit KC-I. HaiimeHo xopormiee coriiacue pe3ysibTaTOB MOJIEIUPOBAHUS IS
IIJIOTHOCTH U TCIIJIOEMKOCTH IIPU ITOCTOAHHOM o0beME ¢ OKCIICPUMECHTAJIbHBIMU JTaHHBIMH. Ha ocHoBe
aHaJIM3a IUIOTHOCTH O3JIEKTPOHHBIX COCTOSIHMHA  OIpeNeNeHbl TeMIlepaTypHble 3aBHCHMOCTHU
3JIEKTPOHHBIX CBOWCTB TMpaTa METaHa: ypoBeHb dHepruun depmu, MMPHHA U IPAHULIBI 3aPEILCHHON
30HBI U APYTHE.

ELECTRONIC AND THERMAL PROPERTIES OF METHANE HYDRATES:
FIRST PRINCIPLES SIMULATIONS RESULTS

M.B. Yunusov, R.M. Khusnutdinoff, and A.V. Mokshin

Kazan Federal University,
420008, Kazan
Kremlevskaya Str., 18, Russia
khrm@mail.ru

This work presents the results of ab-initio molecular dynamics study of the electronic and
thermophysical properties of methane hydrate with a cubic sl-structure. Good agreement of the
simulation results for density and heat capacity at constant volume with the experimental data are
found. Based on the analysis of the density of electronic states, the temperature dependences of the
electronic properties of the methane hydrate are determined: the Fermi energy level, the width and
boundaries of the band gap, and others.

Beeoenue. TlpuponHsie THIpaThl SBISIOTCS OXHOW M3 (OpM CyIIeCTBOBaHHUS Taza B HeApax
3eMiIM U NEPCHEKTUBHBIM HCTOYHHKOM YIJIEBOJOPOAHOrO rasza. ['mapaTsl HNPUPOAHBIX Ta30B WM
ra3oBble I'MIPAThl — 3TO HECTEXUOMETPHUUECKHE COCIMHEHUS BKJIIOYEHHUS, B KOTOPBIX MOJIEKYJbI rasa
(«MOJIEKYNBI-TOCTH») 3aKIIOYEHBl B TIOJNOCTAX TPEXMEPHOH PEIIEeTKH W3 MOJEKYN BOIBI («Kapkac
xo3auHay). CraOunm3anuss BOJHBIX  KJIATPAaTHBIX  KapKacoB, KOTOPBIE  SIBISIOTCS  MEHeEe
TEPMOIMHAMUYECKH YCTOHYMBBIMU, YEM JIeJ MM JKUAKas BOAA IPU TeX XKE YCIOBHSX,
obOecriedynBaeTCsl 3a CYET BaH-JIEP-BaalbCOBBIX B3aMMOACHCTBUN «TocThb-X03uH» [1]. CTpyKTypHBIE
TUIBI Han0OoJIee YacTO BCTPEUAIOIMXCS Ta30BbIX THAPATOB SBISIOTCS KyOnueckue cTpyktypsl [ u II, a
Takke rexkcaroHanpHas ctpykrypa IlI, obo3nauaemsre kak KC-I, KC-II u I'C-1II, cooTBeTcTBeHHO [1].
I'mapat MeTaHa mpeuMyIECTBEHHO KPUCTAJUIN3YETCsl B KyOUIECKYIO CTPYKTYPY, U3BECTHYIO KaK THII
KC-I, B xortopoii kak Gonpuime (¢ muameTpoMm ~5.86 A), Tak u mamble (¢ amamerpom ~5.10 A)
MOJIEKYIISIPHBIE MOJOCTH MOTYT YIaBIMBATh HEOONBIIYIO MOJEKYTy MeTaHa (¢ amamerpoM ~4.36 A)
[2,3]. Takas cuctema 0OBIYHO oOOpaszyercs, KOTrJa METaH W BOJla BCTYMAIOT B KOHTAKT IIPH
Temreparype okpyxarwiei cpensl (uyth HIke 300 K) u ymepenHom maBnennu (o0braHOo Gonee 0.6
MIla) [4]. B mociieqHee BpeMs, CTPYKTYpHbIE OCOOCHHOCTH W TEIUIO(U3NYCCKUE CBOMCTBA Tra30BbIX
THUAPATOB BBI3BIBACT IMUPOKWH WHTEpeC Yy HccienoBareneil. Bo-mepBbiX, 3T0 00yCIOBIEHO
BO3MOXKHOCTBIO HCIIOJIb30BAaHUSl KJIATPaToB MPHUPOAHOTO TIa3a B KayecTBE HOBOI'O HMCTOYHHKA
YIJIEBOIOPOTHOTO TOIUIHBA. Tak, MO OIEHKAM CIHEIHAIMCTOB, 3allachl ra3a B TUAPATaX COCTAaBISIOT
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ok0J10 2-10'® M3, 4TO Ha MOPSAAKK MPEBOCXOAUT 3amackl OOBIYHOTO MPUPOJHOTO ra3a. Bo-BTOpHIX, B
ra30BOi OTPACIH OCTPO CTOMT MpobiieMa THAPATOOOPa30BaHKS B CTBOJIAX CKBAXKHH M Ta30IPOBOJIAX.
[IpupoaHbIX Ta3 B Tpybax OTaraeTcs Ha CTEHKaxX B BUJE THIPATOB, YTO CHUKAET 3(P(HEKTUBHOCTD €&
IOOBIYH.

Llens HacTosimel paboThI 3aKIIFOYACTCS B UCCICIOBAHUH M3 TIEPBBIX IPHUHIMIIOB IEKTPOHHBIX
U TEII0(U3MYECKUX CBOMCTB ra30BBIX THAPATOB C KyOnueckoi cTpykTypoii KC-I.

" A . %, =

Puc. 1. flueiika runpara metana co ctpykrypoit KC-1 B Tpex mpoeknusx: KpaCHbIM, CHHUM U 3€JI€HBIM
L[BETAMU OTMEUEHBI aTOMBI YIIIEPOAA, KUCIOPOAa U BOAOPOJIa, COOTBETCTBEHHO.

Hemanu moodenupoganus.

KpynHomacmTaOHble MOJEKYJISIPHO-IUHAMUYECKUE HCCIECIOBAHUS W3 IEPBBIX NPHHLUIIOB
rugparta MetaHa ¢ Kyowdeckod crpykTypoit KC-I ObuiM BBIIONHEHBI B MPOTPAMMHOM KOMILIEKCE
VASP [5,6]. Ha ocHOBe pe3yibTaToB peHTIreHOCTPYKTypHOTO aHanu3a llltakens6epra u Mromepa [7],
[Tonmura m Mapmra [8], a Takke anropuTMa ONTHMH3AINA TTOJ0KESHAH aTOMOB BOJOPOA C TIOMOIIBIO
npaBun bepnana-®aynepa, u ¢ y4yeToM paBEHCTBAa HYJIO IOJHOIO JMIIOJIBHOIO MOMEHTa Obula
MoJTyyeHa KpHCcTalinueckas cTpykTypa kiaarpatHoro ruzapara KC-1. ['mapar metana mosiydeH myTeM
BHEZpeHUs1 B cBOOOIHBIC monoctu sueriku Monekyn CHi. Mognenupyemas cucrema umena pasmep
12x12x12 A, koTopas BKmouyana 8 MONeKya1 MeTaHa M cocTosna u3 178 womnos. Ha puc.l
IpeJIcTaBlieHa sA4eiika ruzppara meraHa co ctpyktypoid KC-I B Tpex mpoekmusx. MopenanpoBaHue
BBITIONHSIOCH B HM30TepMuuecku-m3oxopudeckom (NVT)-ancamOiie mis TemmepaTypHOW 0O0IacTH
T =[200;300]K ¢ marom mno Ttemneparype A7=20 K. Jlnd yCTaHOBIEHUS COCTOSHMSA

TEPMOJIMHAMUYECKOTO paBHOBecHs Obul mpumeHeH Tepmoctar Hoze-I'yBepa. Bo wu3bexanue
HE)KeJaTeNbHBIX OBEPXHOCTHBIX SIBICHUN M 3 (eKTa KOHEUHOMEPHOH CHCTEMBI, HA MOJCIUPYEMYIO
CHCTEMY IO BCEM HalpaBJICHUSIM ObUIM HaJOXKEHbI MEPUOANYECKUE TPaHUYHBIC YCIOBUs. basucHbii
Ha0Op COCTOSI U3 IUIOCKUX BOJIH, IEKTPOH-UOHHOE B3aUMOJCHCTBUE OCYLIECTBIIAIOCH C IIOMOLIBIO
YIABTPAMSTKUX  CITI&KCHHBIX IICEBAONOTEHLMANOB, OOMEHHO-KOPPESILMOHHAs JHeprus Oblia
paccuuTaHa B paMKax 00O0OIIEHHO-TPaUeHTHOTO MPUOIIKeHus [5,6].

Peszynomamor u 66160061 111 IpOBEPKU PE3yNbTAaTOB MOJAEIMPOBAHMS BBIIOIHSICS Pacyer
IUIOTHOCTU KPUCTAIIMYECKOTO rupara MetaHa. [lomyueHHOe 3Hau€HHe INIOTHOCTU AJISL HCCIIeayeMoi
CHCTEMBI cocTaBuiio p=918.4 Kr/M?, 4TO HAXOAHUTCS B XOPOLIEM COIJIACHH C SKCIHEPUMEHTAILHBIMH
nauHeiMA  p=910 xr/M® [9]. MonenupoBanueM MOJIEKYJIAPHON JMHAMHMKA ObLIa paccuMTaHa
TeMIepaTypHas 3aBUCUMOCTh TOJHOM 3Hepruu cucteMsl Ui nuanazona T=[200; 300] K, xoropas
aIMpPOKCUMUPOBATIACH JIMHEMHON 3aBUCUMOCTBIO BUIA:

E(T)=3.748-107"-T +1.374-10™ (Jlorc). (1)
CpenHsst TEMIOEMKOCTh TIPY TIOCTOSTHHOM 00beMe PacCYUTHIBANIACK 110 (OpMyJIe:
dQ dE+ pdV —udN  dE
mdT mdT mdT
Ilomydyennoe 3HaueHme coctaBuino 23625  [oc/(ke'K), d9TO  XOpOIIO  corjlacyercss ¢
9KCIEPUMEHTALHBIME JaHHBIME JUIsl Tuapara metana 2160+100 [oc/(ke'K) [10] u 2306 JIx/(kr-K)

[11]. HAna uccimemyemoll cHCTEMbl ObUIa pacCUYMTaHa IUIOTHOCTh 3JCKTPOHHBIX COCTOSIHUM IS
muanazona T=[200; 300] K c mrarom o Temmeparype A7=20 K. ILTOTHOCTb 37IEKTPOHHBIX COCTOSTHUN
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W DHEPreTUYECKUE 30HBI JJIS Ta30BOT0 ruapara ¢ kKyowmdeckod crpykrypoir KC-I mpu T=200 K
MpeACTaBIICHA Ha pUC. 2.

Jnst onpezaeneHus] TpaHUIl 3alpelleHHON 30HBI ObLIa BBIMOJHEHA Mpoleaypa MOATOHKH (OPMBI
KOHTYpOB JIMHUHM CIHEKTpa TayCCOBBIMH (YHKIHMAMH. ANNPOKCHMAlMsS THKOB IUIOTHOCTH
3NIEKTPOHHBIX COCTOSIHUM, NMPUJIETAIOIMX K 3alpEIIeHHON 30HE, MO3BOJIMJIA HAWTH NPUOIIKEHHOE
3HAUYEHUE DJHEPrHMHM BEPXHEH TpaHWIbl BaJICHTHON 30HBI (Egmax) W HIWKHEW TpaHUIBl 30HBI
npoBoaumMoctu (Egmin). Ilonoxxenue yposust @epmu onpeaensiiock kak [12]:

E, =—EG“‘“ * Lo + EkBTln ", ) (3)
2 4 m,

rae mp, U m, ecTb 3PQEKTHBHAS Macca IBIPOK U DICKTPOHOB. BclencTBhe MallocTH BTOPOTO
CJaraeMoro, Ipu pacyeTe IOJIOKEHUM sHepruu ypoBHsS (DepMu JaHHBIM BKIAJ HE YYHUTHIBAJICH.
[lomydennsie 3HaueHUs AN MHUPUHBL AEG ¥ TpaHWIl 3anpelieHHon 306 (Ecmax, Ecmin), a Takke
sHeprun ypoBHsi Pepmu Er Ui ruapara mMetaHa ¢ Kyouwdeckoit ctpykrypoit KC-I1 mpencraBieHs! B
Tabin. 1.
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Puc. 2. [I10THOCTB 3JIEKTPOHHBIX COCTOSIHUN U SHEPreTUYECKUE 30HbI AJI Fa30BOT0 THIpaTa ¢
kyouueckoii ctpykrypoit KC-I mpu T=200 K.

Ta6auua 1. TemnepaTypHbIe 3aBUCHMOCTH IUPHHBI AEG ¥ TPpaHUI] 3alPEIIeHHON 30HBI
(Egmax, Egmin), a Taxke 3Heprun ®epmu Er rusipata MeTana ¢ Kyonueckou crpykrypoi KC-I.

T,K Ecmax, eV Ecmin, eV Er, eV AEg, eV
200 4.895 1.257 3.076 3.638
220 4.897 1.091 3.039 3.896
240 4.979 1.066 3.023 3912
260 5.090 1.471 3.281 3.620
280 5.148 1.332 3.240 3.816
300 5.310 1.302 3.306 4.009

Kak BugHO U3 TabnuIbl, 3HaUeHUE SHEPTHH YpoBHs DepMu ¢ BBICOKOH TOUHOCTHIO HAXOJUTCS
HOCEepEeIUHE 3alpelleHHON 30HBI. [ HccieqyeMoil cucTeMbl OOHapy:KEHO MOBBIIIEHHE 3HEPIUU
BEPXHEH U HUKHEH rpaHULlbl 3alpEUICHHON 30HbI C POCTOM TemImeparypbl. B nuamna3one temmeparyp
200300 K mnpoBeneHa JMHEHHass anmpoKCUMalus 3HadyeHuWd sHepruu. [Ipu MOBBILIEHUH
TEMIIEpaTypbl HWXKHSSA TPAHHUIA 30HBI NPOBOAMMOCTH IIOJHUMAETCS  CO CPEAHEU CKOPOCTBIO
dEcmax/dT = 0.0053 5B/K. BepxHss TpaHuiia BaICHTHON 30HBI TIOJHAMAETCS CO CPEIHENH CKOPOCTHIO
dEemin/dT = 0.0035 2B/K. Tlpu stom sHeprus depMu moBwIaeTcst co ckopocthio dEF/dT = 0.0044
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9B/K. Pa3HuIla B CKOPOCTH POCTa T'PaHUI] 3aIPEIICHHON 30HbBI MPUBOJUT K MU3MCHEHUIO €¢ IIUPHHEI.
Cpenssist CKOpocTh ee paciupenus coctasuna dEc/dT = 0.0018 >B/K.

Takum 00pa3oMm, B JaHHOH pabOTe MPEACTaBICHBI PE3yJbTaThl KPYIMHOMACIITAOHOTO ab-
initio MOAENMpOBaHUs TUApaTa MeTaHa c KyOmueckod cTpykrtyporr KC-I mns mmpoxoid oGmactu
3HaueHW Ttemreparyp. OOHApYKEHO XOpOIlee COINIACHE PEe3yJIbTaTOB MOJEIUPOBAHUS IS
IUIOTHOCTU U TEIUIOEMKOCTH TPU MOCTOSIHHOM O0BEME C SKCIICPHUMEHTANIBHBIMK JaHHBIMU [9-11]. Ha
OCHOBE aHallu3a TUIOTHOCTH SJIEKTPOHHBIX COCTOSIHUM ONpEAENeHbl TeMIEPaTypHBIC 3aBHCUMOCTH
AIIEKTPOHHBIX CBOMCTB TH/paTa METaHa: yPOBEHb dHeprun depMu, MuUpHUHA U TPAaHUIIBI 3aIpEIIeHHON’
30HBI M JpyrHe. YCTaHOBIEHO, YTO C YBEIMYEHHEM TEMIIepaTypbl, HaOJFOMAIOTCS TTOBBIIICHUS
HWKHEW TPaHUIBI 30HBI MIPOBOJAUMOCTH CO CpelHel CKOpOCThIO dEGma/dT = 0.0053 sB/K, BepxHei
TPaHUIIBI BAJICHTHOM 30HBI CO cpentHeit ckopocThio dEGmi/dT =0.0035 3B/K. B 10 ke Bpems, CKOpOCTh
noBbITIIeHnsT ypoBHs dHeprust ®epmu cocraBuio dE/d1=0.0044 sB/K.

Kpynnomacuwmabnvie monexynapno-ouHamuyeckue pacuemsl 6blNOJIHEeHbl HA 6bIYUCTUMENbHOM
kracmepe Kaszanckoeo gpedepanvrozo yunusepcumema. Paboma noodepocana epanmom PODU (Ne
18-02-00407-a).
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